Differential cloning revealed a partial mRNA sequence expressed in the mouse testis, which on further molecular characterization proved to be a member of a new family of 14 transcribed genes. Six of the genes appear to be expressed pseudogenes. The remainder indicate an open reading frame of approximately 200-220 amino acids encoding proteins with a very high proportion of alpha helical secondary structure, comprising approximately 15% glutamate residues. Because of this property, the family has been named SPErm-associated glutamate (E)-Rich protein (SPEER). Three members were chosen for more detailed characterization: SPEER-1 (pseudogene), SPEER-2, and SPEER-4D. All three are expressed tissue specifically in the testis of mice, with only very weak expression evident in the rat testis but in no other species tested. Using reverse transcription-polymerase chain reaction (RT-PCR), all three transcripts can be detected also in the epididymis, presumably due to the presence of spermatozoa. All three transcripts are expressed to high levels in haploid germ cells at the spermatocyte-spermatid transition. SPEER-1 mRNA is present in the cytoplasm as a sense transcript, SPEER-2 appears to be made mostly as an antisense transcript, whereas SPEER-4D appears to be localized within a subcellular compartment as a conventional sense transcript. Codon usage analysis suggests that all but the pseudogenes can be expressed as protein, confirmed for SPEER-2 and SPEER-4D by in vitro transcription/translation. An antibody raised against a peptide region of SPEER-4D, which probably cross-reacts with other SPEER members, immunohistochemically stains the nuclei of early round spermatids. While there are no true homologies to other proteins in the genome databases, some motifs are present that suggest a relationship to nuclear matrix proteins, implying that the SPEER family is a new group of haploid sperm-specific nuclear factors.
INTRODUCTION
The UniGene database of the Human Genome Project indicates that, like the brain, the testis also expresses a large number of mostly tissue-specific genes. Many of these are associated with the unique properties of the male germ cells, which not only undergo meiosis to yield haploid gametes but are morphologically highly specialized to fulfill the functions of fertilization once released from their generating epithelium. In the course of a cloning project using differential display reverse transcription-polymerase chain reaction (RT-PCR) to identify novel genes differentially expressed between wild-type adult mouse testis and testes from the azoospermic adult w/w v mouse [1] , a gene fragment was characterized that was strongly expressed in the wild-type testis but absent in that lacking spermatogenesis. Since such a partial cDNA could represent a gene with important functions in spermatogenesis, we have undertaken an extensive characterization of this cDNA using molecular and bioinformatics methodology. Subsequent data mining from the international genomic databases as well as extensive PCR cloning and analysis revealed that this fragment represented part of a novel gene transcript, which then became the holotype for a new family of, so far, 14 identified paralogous genes all expressed in the mouse testis. While some of the elucidated transcripts represent apparent pseudogenes, lacking a meaningful open-reading frame (ORF), others have a conserved ORF encoding a protein of approximately 200-220 amino acids, predicting a protein with substantial alpha-helical secondary structure and an unusually high proportion of glutamate residues. Because of this feature, the new family has been named SPEER for SPErm-associated glutamate (E)-Rich protein. Using a combination of expression profiling and bioinformatics, we predict that the SPEER proteins are involved in early postmeiotic nuclear transformation, whereby features of secondary structure and small peptide motifs are probably more important than a conserved primary amino acid sequence.
MATERIALS AND METHODS

Cloning and PCR Analysis
The original cDNA fragment was obtained by differential display RT-PCR exactly as previously described [1] . This fragment (later renamed SPEER-4E) was 509 base pairs (bp) long and was shown by subsequent Northern and miniarray analysis to show strong hybridization only with RNA from wild-type mouse testis [2] . Sequence analysis failed to indicate a long ORF, and it was assumed to represent part of the 3Ј untranslated region (UTR) of an unknown gene. Subsequent BLASTn searching of the Genbank database indicated the presence of several partly homologous expressed sequence tag (EST) sequences derived from the mouse testis, some of which appeared to be full length. Using this EST sequence information, forward and reverse primers were designed (Table 1) flanking the apparent ORF and capable of amplifying all the then-known paralogous variants (forward: 14925, 15022, 17002; reverse: H3). These oligonucleotides were then applied in a conventional PCR reaction (95ЊC, 5 min; 35 cycles of 95ЊC, 1 min; 63ЊC, 1 min; 72ЊC, 1 min; followed by a final elongation step at 72ЊC for 10 min) using cDNA generated from wild-type mouse testis as template. The resulting PCR products (ϳ800-1000 bp) were analyzed by 1% agarose gel electrophoresis, excised and eluted from gel fragments, and cloned into the plasmid pGEM-Teasy (Promega, Mannheim, Germany). All resulting recombinant clones were sub-2045 SPEER GENES IN THE TESTIS mitted to sequence analysis using the dideoxy termination method and sequences externally confirmed (Medigenomix, Martinsried, Germany). Subsequently, further BLAST searching of the international databases for both nucleotide and amino acid sequences, together with the results of the PCR analysis, indicated a new paralogous family of, altogether, 14 independent gene transcripts, the products of a similar number of independent genes (see Table 2 for accession numbers). In addition, clone SPEER-1, which indicated no ORF, was independently PCR cloned several times and sequence extended at the 5Ј end by RACE (rapid amplification of cDNA ends) using the SMART-RACE kit (Clontech, Heidelberg, Germany) according to the manufacturer's protocol using the 5Ј SMART-Primer (Clontech) and the H3 primer ( Table 1 ). The PCR conditions chosen (95ЊC, 5 min; 40 cycles of 95ЊC, 1 min; 65ЊC, 1 min; 72ЊC, 3 min; followed by a final elongation step at 72ЊC for 10 min) led to a 1.1-kb product, which was subcloned and sequenced as above. Novel sequence information was submitted to the Genbank database.
RNA Hybridization and Analysis
The degree of homology between members of the SPEER family is sufficiently high that a gene-specific hybridization of transcripts is probably not possible, any one transcript cross-hybridizing with several paralogues. Northern hybridization was carried out using the initial 3ЈUTR sequence of the holotype fragment (SPEER-4E) obtained in the initial differential display RT-PCR reaction as well as using the full-length sequence of SPEER-4D (see later), which has a clear ORF. Ten micrograms of total RNA from testes of various species as indicated was loaded for each sample, separated on conventional 1% agarose gels in MOPS/formaldehyde buffer [3] containing 1/20 000 diluted SybrGreen II (Molecular Probes, Eugene, OR) [4] , and transferred to Nitran membrane (Schleicher & Schuell, Dassel, Germany). This was first scanned using the Storm 860 Imager (Molecular Dynamics, Sunnyvale, CA) fitted with fluorescence detection at 400 V gain in the blue fluorescence channel to detect total RNA and then hybridized in Ultrahyb solution (Ambion, Austin, TX) to the cDNA probe, labeled with [ 32 P]dCTP to a specific activity of Ͼ5 ϫ 10 8 cpm/g using the random priming method (Prime-It II kit; Stratagene, Heidelberg, Germany).
To localize the cells in which the SPEER transcripts may be expressed, nonradioactive in situ hybridization was carried out using digoxigeninlabeled cRNA probes for SPEER-1, SPEER-2, and SPEER-4D (PCR cloned as below), as examples of the family, exactly as previously described [5] . The cRNA was prepared from the full-length cDNA clones as follows: SPEER-1 in pDrive (insert length 1100 bp), antisense cRNA was driven by T7 polymerase from the HindIII cut plasmid, sense cRNA was driven by SP6 polymerase from the BamHI cut plasmid; SPEER-2 in pGEM-Teasy (insert length 850 bp), antisense cRNA was driven by T7 polymerase from the SpeI cut plasmid, sense cRNA was driven by SP6 polymerase from the NcoI cut plasmid; SPEER-4D in pDrive (insert length 900 bp), antisense cRNA was driven by SP6 polymerase from the BamHI cut plasmid, sense cRNA was driven by T7 polymerase from the HindIII cut plasmid.
Because of possible cross-hybridization between the different SPEER paralogues, real-time RT-PCR was carried out using a Light-Cycler (Roche, Mannheim, Germany) and gene-specific combinations of oligonucleotide primers suitable for SPEER-1, SPEER-2, and SPEER-4D (Table 1). All reactions used a homemade mix (in 20 l:1 U Ex-Taq DNA polymerase [Takara Bio, Gennevilliers, France], 1ϫ Ex-Taq buffer [Takara], 2.75 mM MgCl 2 , 250 M dNTP, 10 pmol sense primer, 10 pmol antisense primer, 1/40 000 dilution of SybrGreen I [Molecular Probes], 2 l cDNA template, 20 g bovine serum albumin) under the following cycling conditions: 95ЊC, 2 min; cycling at 95ЊC, 20 sec; 68ЊC, 30 sec; 72ЊC, 1 min; 83ЊC, 20 sec. The 83ЊC step was used for fluorescence acquisition since it eliminated any primer-dimer formation without affecting specific PCR products. For analysis on gels, cycling was stopped at the end of the linear phase for the most frequent product, and all PCR products applied to 1.3% agarose gels in Tris-acetate-EDTA buffer [3] . RNA was extracted from diverse mouse tissues, as indicated, including testes from both wild-type sibling and w/w v azoospermic mutant mice. For RNA extraction, approximately 1 g tissue was homogenized in RNA-Pure (PeqLab, Erlangen, Germany) and the resulting RNA subsequently purified on RNeasy columns (Qiagen, Hilden, Germany). As control for the quality and integrity of the RNA, parallel amplification was performed for transcripts of the ribosomal protein S27a, recently shown to be the most consistent of the so-called housekeeping control genes [6] . In agreement with Bustin [7] , all reactions were standardized by using a constant amount of initial RNA and resulting cDNA but were not subsequently normalized. The S27a controls confirmed this, showing less than a 1.5-fold difference in amounts of this transcript between all samples (except for skin) estimated from the relative crossing-points of the exponential fluorescence curves from the real-time (Light-Cycler) PCR reactions (not shown).
In order to determine at which stage in the first spermatogenic wave the specific transcripts first become detectable, real-time quantitative RT-PCR was also carried out using the Light-Cycler, as above, in RNA extracted from mouse testes of different postnatal ages.
Bioinformatics Analysis of SPEER Sequences
While some of the transcripts indicated an obvious ORF, others showed no such continuous reading frame, with frequent stop codons. It is not uncommon for testis-specific transcripts to represent structural RNAs whose function appears to be unrelated to the possession of an ORF (e.g., Xist; [8] ) or possibly even 'junk' transcripts of no known function [9] . It was therefore important to determine the likelihood of the identified ORFs truly encoding a protein. This was evaluated by applying two different algorithms, aimed at estimating the probability that codon usage differs significantly from random [10] . These determined the codon bias index (CBI) [11] and the frequency of optimal pairs (Fop) score [12] and were calculated using the program codonw (by J. Peden: bioweb.pasteur.fr/seqanal/interfaces/codonw.html). The CBI is a measure reflecting the fraction of codons in the mRNA that use the preferred triplets for all amino acids with degenerate codon usage [11] . The CBI is a fraction whose numerator is the total number of times that the optimal codons are used in the ORF minus the number expected in the case of random codon usage. The denominator is the total number of amino acid residues exhibiting codon bias in the predicted protein minus the random expectation for usage of the optimal codons. The random expectation of codon usage, appearing in the numerator and the denominator, is a sum of the products of the number of residues for a given amino acid multiplied by the fraction of all codons for that amino acid in the degenerate genetic code that are optimal. A value of one indicates exclusive use of the preferred codons, whereas a value of zero indicates totally random choice. The Fop score is calculated by an independent algorithm that also reflects conservation of functionality through codon usage and is obtained simply by dividing the number of optimal codons in an ORF by the total number of codons from the set of degenerate codons (i.e., excluding the codons for methionine and tryptophan). The Fop values also range from 0 (where no optimal codons are used) to 1 (where only optimal codons are used).
For comparison of coding and noncoding sequences, the clone SPEER-4D was chosen as an example and the indices CBI and Fop calculated also for the noncoding frames and for the 5Ј and 3ЈUTRs in frame with the ORF. In addition, 20 mouse sequences for known expressed genes were randomly selected from the codon usage database (www.kazusa.or.jp/codon/) [13] and the indices CBI and Fop calculated for the coding and noncoding frames. Finally, the probability of a Kozak ribosome entry motif at an appropriate position before the putative ORF was estimated [14] .
In order to determine possible evolutionary relationships between the different SPEER paralogues, the nucleotide sequences corresponding to exon 2 (see later), which are within the putative ORF region, were compared using ClustalW [15] , with a gap opening penalty of 6.0, illustrating the resulting nonrooted tree using the neighbor-joining method [16] with a Kimura correction for divergent sequences [17] . No sequence for this region was available for SPEER-4E, which is thus excluded from this analysis.
Other bioinformatics sequence analysis programs were used as indicated.
In Vivo and In Vitro Translation of SPEER Transcripts
Two further approaches were taken to determine whether SPEER transcripts are or can be indeed translated. First, polyclonal antibodies were raised in rabbits (Pineda Antikörper Service, Berlin, Germany) to a unique peptide sequence EESMNKRPYHRQN shared to Ͼ90% by most of the SPEER ORFs and which was coupled via an extra N-terminal cysteine to keyhole limpet hemocyanin as immunogen. Antibodies were applied in immunohistochemistry of Bouin-fixed, paraffin-embedded 8-m-thick mouse testis sections using the PAP-ABC combination protocol, as described previously [5] but without nuclear counterstaining and with the primary antiserum applied at a dilution of 1:2000.
Second, cDNA clones spanning the full-length ORF for SPEER-1, SPEER-2, and SPEER-4D were generated by RT-PCR (PCR conditions: 95ЊC, 2 min; 40 cycles of 95ЊC, 1 min; 50ЊC, 1 min; 72ЊC, 1 min; followed by a final elongation step at 72ЊC for 10 min) using new oligonucleotide primers as indicated in Table 1 (full length), except for SPEER-2, where the same set was used as for the real-time PCR. The cDNA products were subcloned into the vectors pDrive (Qiagen; SPEER-1 and SPEER-4D) or pGEM.Teasy (SPEER-2), which can be transcribed in either orientation using flanking T7 or SP6 RNA polymerase initiation motifs. For consistency, SPEER-2 was then recloned in the reverse direction into pDrive so that transcription of all sense RNAs used the same promoter. After confirmation of the nucleotide sequence (Medigenomix), cDNAs were subjected to combined transcription and translation using the TnT kit (Promega) according to the manufacturer's protocol, in the presence of additional [ 35 S]methionine. Protein products were reduced in Roti-Load loading buffer (Roth, Karlsruhe, Germany; contains dithiothreitol but no urea) for 10 min at 70ЊC, and then separated on 4%-12% PAGE (Criterion Gels; BioRad, München, Germany), which were subsequently fixed in 50% methanol/10% acetic acid, dried, and exposed for 1 day to a phosphorimager screen prior to analysis on a Storm 860 phosphorimager. Subsequently, and as a control for the monospecific polyclonal antibody, immunoprecipitation was carried out using the ORF-generated translation products SPEER-2 and SPEER-4D. Thirty microliters of the in vitro translation product were supplemented with 30 l of either the immune serum or the preimmune serum from the same rabbit and 440 l of RIPA binding buffer (150 mM NaCl, 1% NP-40, 0.5% Na.deoxycholate, 50 mM TrisHCl, pH 8.0) and incubated overnight at 4ЊC. Then 100 l of protein ASepharose suspension (Amersham-Biosciences, Freiburg, Germany) was added and incubation continued for a further 6 h at 4ЊC. The mixtures were then centrifuged briefly, washed twice in RIPA buffer, and the Sepharose-antigen-antibody complex denatured as above and similarly subjected to electrophoresis on 4%-12% PAGE. The dried gel was exposed to a phosphorimager screen for 7 days before analysis on the Storm 860.
RESULTS
Sequence Analysis and Structural Predictions Based on Bioinformatics
Differential transcript analysis comparing wild-type mouse testis with the testis of the azoospermic w/w v mouse revealed a short fragment of a novel gene, not previously identified nor initially represented in the international genome database [2] . Later data mining and subsequent RT-PCR analysis revealed a family of 14 distinct gene transcripts expressed in the mouse testis, sharing various degrees of homology ( Table 2) . None of the EST transcripts had been otherwise annotated nor did any member of this family indicate homology with any other gene or transcript sequence from any other species, including human, in spite of extensive BLAST searching using various word sizes at either the amino acid or nucleotide level in all publicly available databases. Nine of the 14 transcripts indicated the presence of an ORF, 4 were obvious pseudogenes due to the presence of frequent stop codons in all reading frames, and 1 sequence indicated a possible ORF only in the ϩ1 reading frame, relative to the ORFs in the other SPEER transcripts. All sequences, except for SPEER-4E, were subjected to a multiple alignment of a region corresponding to exon 2 (see later) using the ClustalW algorithm, and the resulting phylogenetic interrelationship is indicated in Figure 1 . This shows a close relationship between all of the SPEER-4 family members and SPEER-5 and a second closely related group comprising SPEER-1, -2 and -3. SPEER-6, -7, -8, and -9 are more distantly related members.
In order to confirm the ORF as putatively translatable proteins, bioinformatics methods were employed to check for codon usage (Table 3 ). The codon bias index (CBI) and frequency of optimal pairs (Fop) score have been shown to be good indicators of efficiency of protein translation [11, 12] , reflecting conservation of functionality through codon usage and thus also acting as indicators of translatability for an unknown ORF. The validity of these indices was first checked using a random group of 20 known mouse genes (Table 3) , where highly significant differences were measured between coding and noncoding reading frames for both indices. In all cases where an ORF was suggested for a SPEER transcript by visual inspection, both CBI and Fop scores of the ORF were significantly different from noncoding default values. For SPEER-4D, in addition, the alternative reading frames as well as the 5Ј and 3ЈUTRs of the putative reading frame were assessed and all found not to differ from the default noncoding values. Of special interest is SPEER-6, where a long ORF is evident upon inspection, but only in the ϩ1 reading frame, relative to the other (protein-coding) members of the SPEER family. Here, both CBI and Fop scores of the putative ORF do not differ significantly from the default noncoding values. This analysis supports the view that SPEER-1 and SPEER-5 through SPEER-9 are all pseudogenes. An alignment of all the SPEER ORFs is shown in Figure 2 .
The protein predicted from the ORF in all cases, and as exemplified by SPEER-4D (Fig. 2) , is approximately 210 amino acids long and comprises a high proportion of charged residues, particularly glutamate (Ͼ15%). Prediction of the secondary structure (not shown) indicates a protein almost exclusively comprising alpha-helical regions, possibly able to form a coiled coil. This structure is conserved among all the predicted ORFs. Fold prediction using several of the publicly available servers produced no significant hits. The peculiar amino acid composition of the predicted SPEER proteins was then used as a characteristic feature for further database searches. Amino acid composition similarity searches using the programs AACompIdent (www.expasy.ch/tools/aacomp/) or PROPSEARCH (www. embl-heidelberg.de/prs.html) also failed to yield significant information that could have been useful in assigning a physiological role to the predicted SPEER proteins. A straight comparison of amino acid composition with the protein sequences of the SWISSPROT database, grouped according to their overall structural features using the database annotations, showed that only the group of intermediate filament proteins had a similar high content of glutamate residues.
SPEER Transcript Expression and Profiling
The original Northern hybridization, using what is probably mostly a 3ЈUTR sequence of SPEER-4E, indicated a strong hybridization signal at approximately 1 kb with RNA from wild-type mouse testis with full spermatogenesis but no signal for the azoospermic w/w v mouse testis [2] . Further Northern analysis for SPEER-4D (Fig. 3 ) is similar and also shows that closely homologous transcripts do not appear to be expressed in the testes of other species, except for a weak hybridization signal in the rat. This confirms the bioinformatics information, wherein no hits have yet been obtained by searching international genomic and EST databases for any other species except mouse. Given the conventional stringency washing procedures used here for Northern hybridization, the SPEER-4D probe is probably also recognizing other closely related SPEER family members, many of which have transcripts of similar size. Consequently, a gene-discriminating RT-PCR analysis was undertaken for SPEER-1, SPEER-2, and SPEER-4D transcripts as representatives of the family, comparing diverse mouse tissues (Fig. 4) , as well as the appearance of transcripts during testis development in the mouse (Fig. 5) , using real-time RT-PCR. This analysis confirms the testis as the principal source of SPEER transcripts, although weak PCR signals are also detected in the epididymis and ovary (very weak for SPEER-4D only).
The hybridization signal for the epididymis could be due either to endogenous expression in this organ or to the presence therein of mature spermatozoa, many of which in the mouse retain their cytoplasmic droplets. Therefore, addi-
FIG. 2. Multiple alignment of the putative ORFs of the SPEER gene family, also indicating the probable sites of splice junction (vertical dashed lines)
as well as the peptide sequence used to generate the monospecific antibody (hatched bar). Kozak analysis of potential ribosome entry sites [14] suggests that, for SPEER-4B, -4C, and -4F, the second methionine, homologous to the start codons of the other SPEER members, is the more likely translation start site. Horizontal dashed lines represent homologous sequences.
tional RT-PCR was carried out using RNA extracted from the epididymides of wild-type mice and w/w v mice, which lack postmeiotic germ cell stages but are otherwise endocrinologically adult (Fig. 4) . The epididymal RNA from the w/w v mouse was negative for all three SPEER transcripts, showing that the signal for the epididymis of wild-type mice was due to transported spermatozoa and not to local gene expression.
There is a marked temporal pattern of expression for the SPEER transcripts during the first wave of mouse spermatogenesis, with SPEER-1 and -2 appearing on Day 16 and SPEER-4D being first detectable in the Day 20 RNA sample. This timing coincides with the first appearance of spermatocytes in the seminiferous tubules (Day 16) and their subsequent differentiation into round spermatids (Day 20) [18] .
This was confirmed using in situ hybridization of sections of adult mouse testis, where clear and stage-specific signals are seen in late pachytene spermatocytes and round spermatids (Fig. 6 ). In the mouse, these cell types may be very close to the basement membrane in stages I-V, often separated from the latter only by a layer of small spermatogonia [19] . Unlike the application of double-stranded cDNA probes for the Northern hybridization, the in situ hybridization makes use of single-stranded cRNA probes and a subsequent RNase digestion to eliminate any mismatched sequence and remove background due to nonhybridized probe. As a result, the in situ hybridization offers a higher degree of sequence specificity in the hybridization than is gained by high stringency washing alone and is thus, unlike Northern hybridization, better able to discriminate between different SPEER paralogues. For the three transcripts tested, approximately one third of all tubule crosssections are unstained. Figure 6 , however, also shows a di-
Northern blot of total RNA from the testes of diverse species as indicated, hybridized against the full-length cDNA for SPEER-4D. In the lower panel, RNA loading is controlled using SybrGreen I fluorescence.
versity of specific signal appearance. For the pseudogene transcript, SPEER-1 (Fig. 6 , A and B) hybridization is conventional, with specific staining in the cytoplasm only of late pachytene spermatocytes and early round spermatids and only when using the antisense cRNA probe. The sense cRNA probe is negative. For SPEER-2 (Fig. 6, C and D) , which has a putative ORF, while there is some weak staining using the antisense cRNA as probe, most staining is clearly obtained using the sense cRNA probe, with similar cells being labeled as for SPEER-1. Although there is a specific single-strand-specific RNAse step posthybridization in the in situ hybridization protocol, this sequence is still very similar to that for SPEER-3 such that one cannot be absolutely certain that the transcripts visualized are those of SPEER-2 or SPEER-3. Finally, for SPEER-4D (Fig. 6 , E and F), staining is conventional in that most is obtained using the antisense cRNA; however, the expression pattern is clearly not diffusely cytoplasmic, but appears punctate, restricted to a single subcellular location. Weak staining is also seen in a similar location with the sense cRNA probe. This punctate staining approximates to one spot per cell and is similar to what has been shown for transition protein (TP)-2 mRNA in the rat testis, where it is localized to the chromatoid bodies of late round spermatids [20] . However, the resolution in the present study did not allow a distinction between this and another subcellular compartment, e.g., within the nucleus. All results have been repeated several times to exclude possible technical artefacts.
Expression of SPEER Protein
In order to obtain confirmation that the transcript sequences indeed encode proteins, three representative full-length SPEER cDNAs were constructed into expression vectors capable of producing in vitro translated protein. SPEER-2 and SPEER-4D include predicted ORFs, whereas SPEER-1 is a pseudogene with no valid ORF, as negative control. In vitro transcription/translation of the three constructs in the presence of [ 35 S]methionine, followed by radiographic imaging (Fig. 7A) , shows indeed that SPEER-2 and SPEER-4D give rise to translation products of the expected size, but only in the sense orientation, whereas SPEER-1 failed to yield any significant product. In addition to products of the expected monomeric size (ϳ20 kD), larger protein bands were also evident, migrating at approximately 40 kD, implying the association of monomers into dimers in spite of the reducing conditions of the electrophoresis.
A monotypic polyclonal antibody was raised against a peptide motif from SPEER-4D shared to Ͼ90% with SPEER-4A, -4B, -4C, and -4F and to a lesser extent with SPEER-2 and SPEER-3. To validate this antibody, in vitro translation products were tested for their ability to be im- munoprecipitated (Fig. 7B) . Both SPEER-2 and SPEER-4D, as dimers, were specifically retained by the antibody but did not react with the preimmune serum from the same rabbit, used as negative control. It seems likely that monomers were not immunoprecipitated because the long incubation times favored their conversion to dimers.
When the antibody was applied in conventional immunohistochemistry of rodent tissue sections (Fig. 6G) , specific immunostaining is seen only in the nuclei of round spermatids. Leydig cells are also stained, but this is considered to be nonspecific since these cells stain equally well in rat testis sections (Fig. 6I) , where there is no sign of any intratubular immunostaining. There is only very weak cross-hybridization of SPEER transcripts to rat testis RNA in Northern analysis (Fig. 3) , and both specific RT-PCR assays and in situ hybridization are negative for this species (not shown). The antibodies used are monotypic and thus have relatively low affinity compared with polyclonal antibodies raised against entire proteins, raising the possibility of such nonspecific cross-reactions with other common proteins.
Genomic Analysis
The availability of increasingly contiguous genomic sequences from the Mouse Genome Project has allowed a preliminary analysis of chromosomal localization and relative arrangement of the SPEER genes in the mouse genome. This is summarized in Table 2 . This analysis, first, confirmed that the small differences in nucleotides between some of the highly homologous transcripts are genuine and not the products of poor sequencing. For 12 of the 14 sequences, there are 100% matches in the genome database; only for SPEER-4A and SPEER-7 is there no perfect match yet. SPEER-1, -3, 4B, -4C, and -4F are all localized to chromosome 5, region A1-A3, as serial repeats over a stretch of approximately 2 Mb. SPEER-5 is localized on chromosome 10 and SPEER-2 on chromosome 16. For SPEER-4D, -4E, -6, -8, and -9, perfect matches are present to DNA that has not yet been allocated to a specific chromosome. With one exception, SPEER-5, all other SPEER sequences have identical exonintron splice junctions (Fig. 3) . SPEER-5, which appears to stand alone on chromosome 10, has a quite different exonintron organization (not shown). To date, none of the transcript sequences corresponds with an intronless (retroposonderived) gene (pseudogene).
The major transcripts detected by RT-PCR, and represented as ESTs in the international databases, all conform to the full transcript comprising five discrete exons. In addition, however, a minor PCR product can be detected for SPEER-1 (Fig. 4) . Cloning and sequencing of this minor product shows that this represents an alternatively spliced variant, which is missing exon 3. This variant is nevertheless still unable to provide a functional ORF.
DISCUSSION
There is considerable discussion about the role of unusual transcripts in male germ cells. This varies from their encoding highly specific products essential for germ cell physiology, and driven by testis-specific promoters, to being 'junk' RNA as a product of promiscuous transcription caused by global exposure of unwinding chromatin to high concentrations of polymerase complexes [9, 21, 22] . In between these extremes are novel structural RNAs, not encoding protein but associated with meiotic events, splicing, imprinting, gene silencing (e.g., Xist [8, 23] ) or delayed translation [24] , as well as specific antisense transcripts which are speculated to have regulatory roles in gene expression [8, 25] . Therefore, the discovery of a new and unusual family of testis-specific transcripts, without apparent relatives, generates a number of important questions demanding rigorous investigation.
The first obvious question is whether these transcripts encode proteins. While five of the SPEER transcripts are obvious pseudogenes, with frequent stop codons in all reading frames, the remaining nine all present plausible ORFs. A bioinformatics approach analyzing codon usage shows that all but one of these transcripts (SPEER-6) indeed represent likely protein-coding mRNAs. Taking three of the transcripts as models, one putative pseudogene and two with good ORFs, in vitro transcription/translation showed that the two with good ORFs are indeed translatable. Finally, an antibody was raised against a conserved motif within one of the putative ORFs and shown to specifically recognize an epitope in the nuclei of the same cell type wherein the specific mRNA was localized by in situ hybridization. In preliminary experiments (not shown), Western blotting appears to confirm this observation, with immunopositive protein bands evident at approximately 22 kD and possibly 44 kD in reduced and denatured extracts of wild-type mouse testis but not in those from the azoospermic w/w v testis. The appearance of SPEER mRNA and protein in essentially similar cell types suggests that there is not a specifically delayed translation as seen for some haploid gene products [24] .
Not only is codon usage preserved by natural selection favoring an important physiological function of the putatively encoded protein, but also loss of transcript function very quickly leads to changes at the genomic level. These include mutations, deletions, and interpolation of transposons and other repetitive elements. Examination of the available mouse genome information suggests that this has not happened; rather, transcript sequences, at least of those with a good ORF, are highly conserved, as also are the intron-exon organization. Inspection of the phylogenetic tree created from the exon 2 region sequences (Fig. 2) supports this view with the apparent pseudogenes SPEER-6, -7, -8, and -9 being markedly divergent from the remainder.
The next important question concerns the putative function of such encoded proteins. Because there are no known and characterized relatives, only very indirectly relevant information is available. Database searching on the basis of the unusually glutamate-rich amino acid composition reveals a similarity to intermediate filament proteins as well as to the sperm tail-associated proteins, Stap [26] , or Spag5 [27] , which is similar to the mitotic spindle protein Deepest and frog prothymosin-␣, which has a nuclear localization [28] . The analysis of secondary structure supports this by predicting long uninterrupted alpha-helical features, whose charge distribution would presuppose the formation of polymeric fibrils. Indeed, the observation of probable dimers spontaneously formed by in vitro translation strongly suggests a propensity to form multimers. In fact, the resulting in vitro translation products appeared to precipitate out in solution (not shown). Although exhaustive BLASTn and BLASTp searches revealed no related sequences in any of the international databases nor any of the motif searching programs, low stringency searching with Reverse Position BLAST in the Conserved Domain Database (www.ncbi. nlm.nih.gov/structure/cdd/wrpbsi.cgi) [29] did reveal several interesting relationships (Fig. 8) . First, there is a weak but significant homology to the MAGUK (membrane-associated guanylate kinase) proteins, exemplified by human DLG5. These have marked protein-protein interaction surfaces and act as scaffolding proteins linking cytoplasmic components to membranes (e.g., the plasma membrane) [30, 31] . Second, there is a moderate homology to the Nterminal (not DNA-binding) domain of the nuclear matrix FIG. 6. A-F) In situ hybridization for  SPEER-1 (A, B), SPEER-2 (C, D) , and SPEER-4D (E, F) mRNA in sections of adult mouse testis (A, C, E) using antisense cRNA probes, (B, D, F) using sense cRNA probes. G-J) Immunohistochemistry of adult mouse (G, H) and rat (I, J) testis sections using the specific anti-SPEER monospecific antibody (dilution 1:2000). H, J) Control sections using the equivalent amount of preimmune serum. The staining of interstitial cells in both mouse and rat sections implies that this staining is not specific, unlike the staining of the round spermatids only in the mouse sections. (Original magnification: ϫ200.) transcription factor, NP/NMP4 [32] . The N-terminal domain of this protein is believed to be a site for interaction with the nuclear scaffold. Third, there is a weak homology also to the subunit 5 of the human anaphase promoting complex (APC5). This complex is involved in dismantling the spindle at mitotic anaphase [33] . Of great interest here is the finding that, in Xenopus, there is a paralogous protein which is specifically involved in dismantling the spindle complex at the end of the second meiotic prophase [34] , a time point corresponding well with the expression pattern of the SPEER genes. Then an incidental comparison of the SPEER family with the so-called NASP (nuclear autoantigenic sperm protein) proteins [35] revealed an interesting similarity in sequence and position of two functionally defined histone-binding motifs (Fig. 8) . NASP proteins are believed to be involved in the removal of histones in male germ cells at the beginning of spermiogenesis.
Taking these speculative observations together with the very specific pattern of expression of the SPEER transcripts and protein strongly suggests that the SPEER proteins may have a role to play as nuclear matrix proteins involved in the reorganization of the spermatocyte/spermatid nucleus. In this context, it should be noted that all of the SPEER ORFs have marked serine phosphorylation sites at their C- termini FIG. 7. A) In vitro transcription/translation of SPEER-1, SPEER-2 and SPEER-4D in both sense (T7 promoter) and antisense (SP6 promoter) orientations. Lanes 7 and 8 indicate control reactions using the same plasmid vector but without inserted cDNA. B) Immunoprecipitation experiments for SPEER-2 and SPEER-4D using both immune and preimmune sera, as shown.
FIG. 8. Motif analysis of the SPEER-4D
putative protein (sequence 1-212). Below this sequence are shown the identical or similar (ϩ) amino acids for the proteins NMTF (nuclear matrix transcription factor), DLG5 (discs-large tumor suppressor 5), and APC5 (anaphase promoting complex subunit 5). Above the SPEER-4D sequence are indicated the two histone binding motifs (HBS1 and HBS2) of the NASP (nuclear autoantigenic sperm protein) protein with boxes indicating the region of high similarity. Underlined amino acids are those selected by the program NetPhos 2.0 [38] as putative sites of serine, threonine, or tyrosine phosphorylation. Dashes (-) represent nonhomologous amino acids.
( Fig. 8) , a feature defined for the NASP proteins as indicating a facultative phosphorylation-dependent regulation.
There remains, however, the anomaly of the in situ hybridization results. Of the two transcripts encoding putative ORFs that were tested, SPEER-2 and SPEER-4D, the former was expressed predominantly as an antisense transcript, the latter with a punctate pattern suggestive of localization to a subcellular compartment, such as the chromatoid body or nucleus. Antisense transcripts have been reported for other genes in the testis, e.g., for bFGF [25] or Xist [23] . Here it is suggested that they may play a regulatory role analogous to the experimental use of antisense oligonucleotides or siRNA. Whether this is relevant for SPEER transcripts remains to be seen. The possible localization of the SPEER-4D transcripts to the chromatoid bodies of round spermatids would be consistent both with the localization of another postmeiotic gene product, TP2 [20] , and would agree with older work showing that the chromatoid bodies are probable sites of RNA storage for use in the late postmeiotic stages of spermiogenesis, when conventional transcription is prohibited by the reorganization of the nucleus [36] . However, alternative localization of the transcripts in the germ cell nucleus cannot yet be excluded due to the imprecise resolution of the in situ hybridization. It should be noted that, in the context of the RT-PCR reactions used here, the SPEER transcripts appear to be at least partly polyadenylated since the reverse transcription reactions were all primed by oligo(dT). It has been suggested that many of the stored RNAs in male germ cells lack a significant poly(A) tail [24] .
A further anomaly is the lack of any homologous molecules (by data mining or otherwise) in species other than mice; only rats indicate weak cross-hybridization in Northern blots, but have failed to yield any sequences using RT-PCR (not shown). Considering the comprehensiveness of the Human Genome Project, this is surprising. We can only speculate, on the basis of the strongly alpha-helical secondary structure and its potential to form multimers or filaments, that less the primary sequences are important than the threedimensionality of the molecules and their presentation of small interaction motifs. This idea has very recently been given strong support by the discovery of a novel family of genes expressed exclusively in the human testis, FAM9 [37] . So far, this family comprises three apparently expressed genes and three pseudogenes, all with similar exon-intron structure and all closely localized as repeats at the end of the short arm of the X chromosome, very similar to the situation of the SPEER genes at the end of chromosome 5. Significantly, while showing no primary homology at the amino acid or nucleotide level to the SPEER gene family, the proteins encoded by FAM9 are nevertheless unusually glutamate rich with a strong propensity to form alpha helices. Homology searching in the international databases showed no evidence of any rodent homologues of FAM9. Interestingly, FAM9 proteins show a partial homology to the synaptonemal complex component SYCP3 [37] , and FAM9 fusion proteins, upon transfection, localize to the nucleus. It is therefore tempting to speculate that the FAM9 gene products may be doing in the human testis what the SPEER gene products are in the mouse.
The discovery of a new family of 14 novel genes and their putative products opens up an enormous field for research and characterization. In this first study, we have attempted to show that the SPEER genes are very probably translated into proteins that are playing an important, and hence conserved, role in meiotic and/or postmeiotic events during early spermiogenesis. Much of the interpretation has to be speculative until more detailed and specific studies can be carried out. The heterogeneity of expression patterns within the narrow cellular and temporal limits of the spermatocyte-spermatid transition suggests that multiple regulatory mechanisms are involved and probably with a high degree of as yet undefined redundancy.
